INTRODUCTION
The proportional control of parathyroid hormone (PTH) secretion by the serum calcium concentration has now been demonstrated both in vivo and in vitro using both bioassay and immunoassay (2) (3) (4) (5) (6) . There is also an inverse relationship between calcium concentration and amino acid uptake by the parathyroids (5, 7). The present studies are an extension of earlier work (4, 5) on the relationship between calcium concentration and the synthesis and secretion of hormone by rat parathyroid glands in organ culture. Using radioactive amino acids A portion of this work was previously presented in abstract form (1) .
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Received for publication 12 March 1970. as precursors, the secretion of labeled low molecular weight proteins was measured and related to PTH by bioassay of the medium. Bioassay was based on measurements of release of previously incorporated '5Ca in cultures of fetal rat bones (8) . Antibodies to PTH were obtained by injecting bovine parathyroid hormone (bPTH) into guinea pigs. Some of the antisera cross-reacted with rat parathyroid hormone (rPTH) sufficiently to produce hypocalcemia when injected into rats in vivo and to inhibit bone resorption stimulated by rPTH as well as bPTH in tissue culture. Using this antibody, a chromatographic method was developed for isolation of rPTH which had been labeled by incorporation of radioactive amino acids in tissue culture.
METHODS
Parathyroid gland culture. Parathyroid glands were obtained from adult male rats, freed from thyroid and adherent connective tissue under a dissecting microscope, and cultured on small pieces of Millipore filter on metal screens in vessels containing 0.5 ml of medium in an atmosphere of 5% C0-95%o 02. The medium was Basal Medium Eagle, with 5 or 50% serum (heat-inactivated at 60'C for 30 min) from thyroparathyroidectomized rats. The medium was made up with varying calcium concentrations, and with part or all of the amino acids of Eagle's medium replaced by a mixture of 'H-or "C-labeled amino acids made up from those amino acids which account for most of the residues of bPTH (or a commercial mixture reconstituted from algal protein hydrolysate, New England Nuclear). The final concentration of radioactivity was 1 ,uCi/ml for "C-labeled and 10 uCi/ml for 'H-labeled amino acid mixtures. This represented the addition of approximately 10mole/liter and 3 X 10-7mole/liter of total amino acids to the medium respectively compared to more than 10'mole/liter contributed by serum at 50% concentration.
Parathyroid hormone bioassay. The bioassay for PTH based on resorption of embryonic bone in tissue culture has been described previously (8) . Samples of medium or lyophilized chromatographic fractions from parathyroid gland cultures were diluted either in Eagle's medium with serum or in MEDIUM CALCIUM CONCENTRATION FIGURE 1 Secretion of rPTH in tissue culture. Four parathyroid glands were cultured per ml of medium (or two per culture vessel) at the indicated calcium concentrations for 2 days. The gland culture medium was then diluted with BGJ-albumin to a concentration of 0.5 glands/ml (-O-) or 0.1 glands/ml (-*-) and its ability to stimulate bone resorption in tissue culture compared with bPTH (-N-). Values are mean +SE for the treated/control ratio of '5Ca release for four pairs of cultures.
Co.) with 1 mg/ml bovine serum albumin fraction V (Pentex) which was found to support bone resorption in tissue culture (9) . The calcium concentration of the diluting medium was adjusted to compensate for differences in the calcium concentration of parathyroid culture medium. Bone resorbing activity was measured as the release of previously incorporated 'Ca from embryonic fetal bone compared to untreated paired controls (T/C ratio). acid, and relyophilized. Some of this material was also rechromatographed on Sephadex G-25 or used for isolation with antiserum as indicated below. In some experiments the amount of radioactive protein recovered from the column was compared with the amount obtained by precipitating the proteins from the medium with 5% trichloroacetic acid (TCA).
Antibodies to bPTH. Guinea pigs were immunized with either partially purified bovine parathyroid TCA powder or purified bPTH (2000 U/mg [10] , the purified material used in initial experiments was kindly provided by Dr. Gerald Aurbach). The material was mixed with complete Freund's adjuvant (Difco) and injected either into the footpad or intracutaneously every 2-4 wk for at least 4 months (11). Sera were then obtained by heart puncture and screened for precipitating antibody to bPTH by the doublediffusion method of Ouchterlony. Animals with precipitins in their serum were reinjected with antigen and rebled 2-4 wk later. Subsequent sera were tested for their ability to block bPTH or rPTH in tissue culture or for their effect on serum calcium concentration after intravenous injection in the intact rat.
Antibody isolation of labeled rPTH. Biologically active, low molecular weight protein fractions isolated by Sephadex chromatography from parathyroid culture media were incubated with anti-bPTH guinea pig serum which had previously been shown to react with rPTH by one of the methods described above. Isolation of the antigen-antibody complex by chromatography and dissociation of rPTH by rechromatography in acid pH is described under Results.
RESULTS
The inverse relationship between the secretion of biologically active rPTH in culture and calcium concentration of the medium is illustrated in Fig. 1 . Biological activity could be detected in the medium even at a high calcium concentration when four parathyroid glands were cultured per milliliter. The amount of rPTH secreted in low calcium medium was remarkably high, representing the equivalent of about 10 ig of bPTH secreted per rat parathyroid gland per 48-hr culture. The dry weight of these glands was from 20 to 50 Ag. When parathyroid glands were incubated with 'H-labeled amino acids in the medium they synthesized and secreted substantial amounts of labeled protein. The amount of labeled protein recovered by chromatography and by precipitaion with TCA was similar (Table I ). On Sephadex G-100 columns this labeled protein could be divided into three peaks (Figs. 2 and 3 ). Fraction A consisted of large molecular weight proteins. Radioactivity in fraction A usually increased in media from parathyroid glands cultured at low calcium concentrations. The B fraction coincided with serum albumin and was labeled to the same extent whether parathyroid glands were present or not; presumably by binding of the labeled amino acids. When the serum concentration of the media was reduced to 5% the radioactivity in the B fraction was also reduced. Neither the A nor B peaks were biologically active (Table II) . The C fraction contained small amounts of low molecular weight material, presumably small proteins and peptides. A radioactive peak was regularly observed in the C fraction of medium from glands cultured at low calcium concentration. The relative position of this peak varied somewhat in different experiments. This was due in part to differences in the elution volume of the labeled amino acids themselves on different columns. The amount of radioactivity and biological activity in the peak was inversely proportional to the calcium concentration in the medium. The radioactivity and biological activity in the C fraction of parathyroids cultured at low Ca concentration increased after the first 2 days in culture (Table  III) . Thereafter high concentrations of radioactivity and biological activity in a sharp peak persisted for 12 days.
In other experiments a difference in radioactivity and biological activity in C fractions from glands cultured in high and low calcium medium persisted for up to 12 days. After this, the results were variable. Large amounts of labeled protein appeared in all fractions (A, B, and C) in some cultures while in others the amount decreased indicating either rapid tissue breakdown or gradual cessation of protein synthesis. As had been noted previously (12) , the effects of calcium on synthesis and secretion of labeled proteins were reversible (Table IV) . The radioactivity in both A and C fractions was decreased when glands were transferred to medium with a high calcium content and the radioactivity Glands were cultured for 12 days in Eagle's medium with 5% serum. Medium was changed every 2 days. 3 ml of medium containing the secretion from 24 parathyroid glands was chromatographed on Sephadex G-100 (2.5 x 90 cm column, 0.2 M NH4OAc buffer at pH 4.6). This graph shows the results for 6-8 day culture medium and was typical of the results for 2-12 days in culture. The C peak was divided into three fractions. The biological activity was found in the indicated sharp radioactive peak, C-IV. Medium from glands cultured in Eagle's medium with 5% serum at indicated calcium concentrations and control medium incubated without parathyroid glands were chromatographed and the A, B, and C fractions tested for stimulation of bone resorption at a concentration representing the secretion of one parathyroid gland per ml.
Values are mean -SE for treated/control ratio for 45Ca release for four paired bone cultures. Underlined values significantly different from 1.0, P < 0.01.
increased again when the glands were returned to low calcium medium. A partially purified rPTH material could be obtained when a C fraction pooled from several culture media was rechromatographed on Sephadex G-25. The biological activity was still associated with a peak of radioactivity (Fig. 4) . In other experiments such as those illustrated in Fig. 3 , a relatively sharp peak of radio- Eight parathyroid glands were cultured per ml of medium in Eagle's medium with 5% serum. A sharp radioactive peak of low molecular weight was isolated (see Fig. 3 activity was found in the C fraction on Sephadex G-100 which was biologically active while adjacent fractions did not cause significant stimulation of bone resorption. The materials obtained by these two chromatographic methods were used in subsequent antibody isolation studies.
Effects of anti-bPTH sera in tissue culture. Sera from 7 of 14 guinea pigs immunized with crude or purified bPTH showed precipitins against bPTH by the double-diffusion method of Ouchterlony. Several of these sera were tested against a biologically active C fraction from rat parathyroid gland culture medium, presumably containing rPTH. Only one showed a precipitin line and this reaction subsequently disappeared.
Several sera were found to inhibit the stimulation of bone resorption by both bPTH and rPTH in tissue culture (Table V) . Moreover, guinea pig anti-bPTH serum, when injected intravenously in intact rats, caused a rapid decrease in serum calcium concentration which persisted for 10 hr (Fig. 5) . Antibody isolation. On the assumption that the ability of high concentrations of guinea pig anti-bPTH serum to inactivate rPTH was due to binding, a method for antibody isolation of rPTH was tested. Incubation of normal guinea pig serum with a pool of labeled C fraction material at pH 7 did not alter the elution of labeled material on Sephadex G-200 but after incubation with anti-bPTH serum approximately half the radioactivity eluted as high molecular weight material, presumably antigen-antibody complex (Fig. 6 ). When this fraction was rechromatographed on Sephadex G-50 at pH 7, the radioactivity eluted with the large molecular weight protein, but in 1 N acetic acid the complex was apparently dissociated and the radioactivity migrated as low molecular weight material (Fig. 7) . Incubation of the complex with unlabeled bPTH at pH 7 resulted in a displacement of some previously bound radioactivity. When the sharp C fraction peak illustrated in Fig. 3 was incubated with anti-bPTH serum and chromatographed on Sephadex G-50 at pH 7.0, 80% of the label eluted with the serum protein as a high molecular weight complex. When this complex was lyophilized and rechromatographed on Sephadex G-50 at low pH, a biologically active low molecular weight labeled fraction was recovered (Fig. 8, Table III) although there was loss of activity compared with the original C-II fraction.
DISCUSSION
The present studies were undertaken to relate two previous sets of observations: (a) that rat parathyroid glands in organ culture could secrete biologically active hormone into the medium (4) and (b) that the glands could take up radioactive amino acids from the medium and secrete labeled low molecular weight proteins (5). Both functions were controlled by the calcium concentration in the medium and it seemed likely that the labeled low molecular weight material was rat parathyroid hormone (rPTH) synthesized in culture. The present results confirm this supposition. Not only were the radioactive protein and biologically active hormone found to migrate together on Sephadex G-100 and G-25 columns, but convincing evidence for identity was obtained using an antibody isolation technique. This technique was based on the finding that high concentrations of serum from guinea pigs immunized with bovine PTH (bPTH) could cross-react with rPTH sufficiently to inhibit the action of rPTH on bone in tissue culture and FIGURE 5 Effect of intravenous injection-of guinea pig anti-bPTH serum on serum calcium concentration in normal rats. Control rats were injected with 1 ml of a pool of serum from normal guinea pigs. Treated rats received 1 ml of serum from a guinea pig immunized with bPTH. Two samples of serum were tested. Points are the mean and vertical lines the SE of the serum calcium concentration for three to five rats.
to decrease serum calcium concentration in intact rats. However, titer and binding affinity of the antisera for rPTH was not sufficient for a radioimmunoassay. When biologically active fractions containing labeled low molecular weight protein were incubated with anti-bPTH serum at neutral pH, some of the radioactive material eluted as a high mloecular weight complex. This complex could be dissociated and separated by rechromatography at low pH, and labeled biologically active rPTH isolated. Only a small amount of labeled rPTH was recovered by the antibody isolation technique in the present experiments. The hormone could not be obtained in a pure state because it was necessary to coat the column collection tubes with albumin to prevent loss of active material to the glass. Hence it is not yet possible to determine the biological activity of isolated rPTH on a weight basis. A rough calculation of specific biological activity can be obtained, based on these assumptions. (a) the low molecular weight fraction isolated after several days in tissue culture is synthesized from an intracellular labeled amino acid pool which has the same relative specific activity as the radioactive amino acids in the medium; (b) rPTH has an amino acid composition similar to bPTH (13) , and (c) the TUBE NUMBER FIGURE 6 Antibody separation of labeled PTH. The active labeled material isolated on Sephadex G-25 (Fig. 4) Fig. 7 ).
amino acid content of serum from thyroparathyroidectomized rats used in these experiments is the same as that reported previously for normal rats (14) . The high specific activity radioactive amino acid mixture added would not appreciably alter this amino acid content. From these assumptions the specific radioactivity of rPTH in the experiment shown in Table III would be 2000 cpm per Ag of hormone. Hence, the antibody isolated material (C-II-AI) was assayed at approximately 1.2 Ag of rPTH per ml of medium and this had a biological effect similar to that of purified bPTH at a concentration of 1 ug/ml. If the antibody isolated material included biologically inactive rPTH which was immunologically reactive, this would result in an overestimation of the concentration of rPTH. On the other hand, if a large proportion of the amino acids used to synthesize rPTH came from unlabeled precursors, the concentration would have been higher than 1.2 /g/ml.
Regulation of synthesis and secretion of parathyroid hormone by calcium has also been demonstrated for tissue cultures of bovine parathyroid glands by Sherwood, Hermann, and Bassett (6) and Targovnik and Sherwood (15) . Recently Hamilton and Cohn (16) found that the calcium concentration in the medium controlled the synthesis of parathyroid hormone by bovine parathyroid slices in vitro, but there was no secretion in this system.
The mechanism of calcium control remains unknown. Changes in calcium concentration in the medium directly .14 TU BE NUMBER FIGURE 7 Chromatography of rPTH-antibody complex on Sephadex G-50. Fractions 15-22 of the antigen-antibody complex isolated on Sephadex G-200 (Fig. 6 ) were lyophilized; aliquots were dissolved in 0.2 M NH4OAc, pH 7, or in 1 N HOAC, pH 2.6, and rechromatographed on Sephadex G-50 columns (1.5 X 44 cm) using the same buffers. One aliquot was incubated with bovine PTH (10 ,g/ml) at 4°C before rechromatography at pH 7 as indicated. (Table III) representing the secretion of 10 parathyroid glands was incubated in 5 ml of buffer containing 0.5 ml of A4 guinea pig serum for 72 hr at 40'C and chromatographed on Sephadex G-50 (1.5 X 86 cm column, 0.2 M NH4OAc, pH 7). were then lyophilized and rechromatographed on Sephadex G-50 (1.5 X 81 cm column, 0.1 N acetic acid, pH 3) as indicated and fractions 15-18 (C-II-AI, Table III ) lyophilized and bioassayed.
affect the uptake of amino acids and this could control hormone synthesis indirectly (7) . There may also be important intracellular effects of calcium on protein synthesis, although we were unable to demonstrate acute effects of calcium on protein synthesis after the glands are labeled with a pulse of leucine-"C (17) .
In the present experiments only the effects of calcium were examined, but it is clear that magnesium can also effect parathyroid gland metabolism (6, 13, 15) . The methods described here might be useful in analyzing the effects of these ions and other factors on parathyroid gland metabolism and for detecting any differences in the control of hormone synthesis and secretion.
